SOLIDS THAT
SHRINK WHEN HEATED

Thermal expansion is the reason that cracks between railroaelates the linear thermal expansion coefficiertd In a/dT, to
tracks are largest in the winter and that the Sears tower the specific heat as follows:
grows by 15 cm in the summer. The reason that solids generally 1
expand when heated is that atoms move apart to make room for o= ﬁ E % i 1)
each other when the amplitude of their thermal motion increases. i
There are however exceptions to this rule; i.e. solids that contract . L

hen heated. Such " be of hnological siqnif The summation is over normal vibrational modes,
W en sate ' u;:] malllterlas c.an € of great techno 09"3"" Z'g@ = -dP/dIn Vs the bulk modulus (B = 4.8 x 3ONm2 for
|can.ce e,ca‘fse t gy a ,OW engm.eers {0 create composites t atZrWZOB), ¢ is the specific heat contribution of a single mode,
retain their dimensions irrespective of temperature. One example , © ° . A .

. i . andy, = -(dIn w, / 4In V) is the Griineisen parameter which

of a solid that contracts as temperature increases isS@W I .

] , , ; ) measures the contribution of each mode to thermal expansion.
Discovered by Martinek and Hummel in 1968 [1] this cubic

ial shrinks by 9 K f i ,lThe overall Griineisen parameter is defineg é5) = 3Ba / C
matena S rml _S y'< PpmIE from cryogenic t.emperatures unt whereC =Ei ¢ is the total lattice specific heat. Cleary(T) is
its decomposition temperature of 106Qsee Fig. 1). Because

o i ) ~77 temperature independent if all modes of vibration contribute
the material is a transparent dielectric Lucent Technologies is . . .
equally to thermal expansion (or contraction). Figure 1 shows

u§|ng Z.rV\é.OS FO compensatg for thermal expa.nS|o'n of §tand§rdy (T) for Zrw.,,Qg, which we determined by dividing the thermal
dielectrics in fiber optic gratings that must maintain their optical

, , contraction data in Fig. 1 by specific heat data 3[T), is of
dimensions over a large range of temperatures. Beforg@yW . . .
, ) course, negative at all T and its absolute value increases down to
arrives at a telephone exchange near you we took it upon our-

i _ the lowest temperature probed. This indicates that low energy
selves to understand this useful freak of nature through a series of . o

) , modes drive thermal contraction in Zy,.
neutron scattering experiments. [2]

, , ) To quantify this statement we measured the phonon density
Figure 1 shows the reduction of the lattice parameter of N . . :
o , i of states (DOS) using inelastic neutron scattering and the result is
ZrW, 04 with increasing temperature as measured with cold

diffraction. The Griinel H ‘th | _shown in Fig. 2. The high energy modes correspond to librations
neutron difiraction. The Gruineisen theory of therma expansion ¢ oxygen atoms. The top of the band at 140 meV lies higher

than in AL,O, by approximately 30 meV and this reflects the
0.182 o : ; ] = strong covalent bonding of oxygen in \y@trahedra and ZrO
octahedra (See inset to Fig. 2).

0.180 |

0178 The low energy part of the spectrum is shown in Fig. 3. A
= 0174 | large density of states remains down to 2.5 meV with a pro-
= oim | nounced peak at 4 meV, which reveals low energy optical modes.
= 0476 [ Subsequent single crystal inelastic experiments have also identi-
[ fied several nearly dispersion-less modes around this energy.
e Z To determine whether this DOS Peak could be important
! | for thermal contraction we make the assumption #hgiw) =
0.164 +

Y < 0 forEy < Ziw< E; and zero elsewhere as shown in the inset
to Fig. 3. Withy, = -14(2),E,= 1.5(4) meV, and, = 9.5(2)

FUGURE 1. T © the cubic lati meV and using the measured DOS, we obtain excellent fits to the
e et e oo e Paramelr &M ata n Fig. 1 (sl lines). While the model s crtainly nt
described in the text. unique it establishes a range of energies for vibrations contribut-
ing to thermal contraction in Zryds.
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FIGURE 2. Density of states for ZrW,0, at T=300 K measured using
inelastic neutron scattering. For 0 < | Zw | < 40 meV we used the TOF
spectrometer with E;=5 meV. For Zo > 40 meV we used BT4 with a
polycrystalline Be filter analyser. Inset shows the structure with W0,
tetrahedra in red and Zr0; octahedra in blue.

An interesting aspect of thesenleenegy modes is their
tempeeture dgendence shen in FHg. 3. Ther is a de@ase in
the frequenyg of the 4 meV optic mode as the tenghere
deceases and the unit cetblume inceases. Naely this would
appear to be in cordadiction with a ngative Griineisen pame
ter becaus¢dw / JT), = -3wya must be ngative. But for an
anhamonic vibition the mode &queng also dpends on the
amplitude and & piopose thathis non-linear ééct which is not
taken into account in the Griineisen the responsite for the
softening of the 4 meV optical made

Wha remains is to identify the miescopic naure of these
modes. Single gstal phonon da will be equired to accomplish
this in eanest. Nonetheless inspection of theisture shaovn in
Fig. 2 does pvide impotant dues. Zr'\W,0g4 consists of carer
shaing WO, tetraheda and ZrQ octaheda. The urusual lav
enegy optic modes & likely to corespond to twisting of these
units with lespect to one another and this twisting leads to
contraction just as a vilating guitar sting tugs on its suppts.
Wha males ZrW,0, special is the wrsually low enegy of these
twist modes Wich allovs them to become highkxcited and
pull the stucture tagether & tempeeatures fr belav those
required to &cite bond-stetching modes.
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FIGURE 3. Low energy part of the phonon spectrum for ZrW,0, and its
temperature dependence. Inset shows our model for the energy
dependence of the Griineisen parameter.
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